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To derive a quantitative index of regional myocardial blood flow,
the arterial input function of the How tracer N .13 ammonia and
the regional myocardial N13 activity concentrat€as were nanin .
vasively determined in 19 experiments In eight dogs. N.13 ammo-
nia
was administered intravenously and cross-sectional images
were
acquired
dynamically ring an ECAT III positron emission
tomograph with an effective in plane resolution of 13
.46 mm
Full-width halilmaximum. Tine-activity curvmwere derived tram
the serial images by assigning regions of interest 10 the left
ventricular myocardium cud left ventricular blood pool. Tracer
net exhxlions were estimated from the myocardial timtraclivity,
mneentradnns at various times after tracer injection and the
integral of the arterial input function .
Myvrrard€at blood Bow was altered by intravenous dipyrida .
made, morphine, propranolol and partial or complete inclusion of
the left aaherior descending coronary artery, nine ranged ham 9 to
860 minein per 100 g. pstimales of tracer net eatraelions were
Quantitative imaging with positron emission tomography
permits the application of tracer kinetic principles in vivo .
Rates of functional processes, as, for example, blood flow
and metabolism, in regions of human myocardium can
theoretically be obtained through this approach noninva-
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most accurate when determined from de myricardlel N.13actlrity
concentrations at 60 s divided by the integral of the arterial input
function to that time, These estimates correlated with regional
myocardial blood Bans determined independently by the miro-
sphere technique by y = x fl - o.64e-nv`
;
SEE = 22.9
; r =
0.94) . First pass eatraetion fraetioes e9N-13 amm®ia determined
noninvasively with this approach declined with higher flows in a
nonlinear fashion and were similar M those determined invasively
by direct intraceronary N13 ammonia injections.
The findings Indicate that en accurate index of regional
m-rdial blood Bow coo be obtained noninvaaively by high
temp-rd sampling
of arterial and nlocordlnl tracer activity
emrentralkrm with pndtron mission mnngreephy . They sign
provide a basis for fit in vivo application of tracer kinetic
principles to derive quantitatively and noinvasivety regional
rates of femedonnt processes in hymn mynrardium
.
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sively from the arterial input function and the myocardial
tissue response to it . Rapid changes in
tracer activity con-
:entrations in both arterial blood and myocardium early after
tracer administration require high temporal sampling, which
is now possible with positron emission cartographic scan-
ners . An earlier study from our laboratory (1) showed that
the high temporal sampling allows accurate measurements of
arterial blood concentrations and, more importantly, of the
arterial tracer input function . However, direct measurement
of the myocardial tissue response to an arterial input func-
tion using a noninvasive tomographic approach that may be
applicable to a clinical setting has not been examined
.
Activity concentrations in arterial blood and myocardium
early after tracer injection change in opposite directions ;
these changes complicate measurements oftrue tracer tissue
activities from serially acquired monographic images because
of changing degrees of contamination by bidirectional spill-
over of activity between blood pool and myocardium
. Addi-
tional difficulties arise froen the partial volume effect-related
underestimation of true tracer concentrations in myocar-
dium 12-41.
N-13 ammonia has been extensively used with positron
6715-1m,mVSn so
Lin. = innomunmlatly; i.v .
-
intravenously; LAD = left anterior descending
co-
artery .
emission tomography as a tracer of myocardial blood flow
both in animals and in humans (5-8)
.
It is avidly extracted
and retained in myocardium in proportion to blood flow. Tale
purpose of this study was therefore to demonstrate
in animal
experiments that I) high temporal imaging with N-13 ammo-
nia and positron emission tomography provides accurate
measurements of the arterial input function and the myocar-
dial tissue response to it and that 2) accurate estimates of
regional myocardial blood flow can be obtained from these
noninvasively derived variables. Quantitative estimates of
blood flow would allow an assessment of the severity of
perfusion abnormalities in coronary artery disease
as well as
normalization of rates of metabolism to blood flow.
Methods
Animal instrumentation . Eight mongrel dogs weighing 23
to 32 kg (mean 27) were studied . Anesthesia was induced
with intravenous sodium
pentobarbital (25 mglkg body
weight) and maintained by supplemental doses as needed .
The dogs were intubated and ventilated with room air
(Harvard Apparatus) . For withdrawal of arterial blood and
monitoring of systemic blood pressure, catheters were ad-
vanced through both femoral arteries into the abdominal
aorta, After a left thoracotomy, the heart was suspended in
a pericardial cradle. A fine polyethylene cannula was ad-
vanced through a puncture wound into the left atrium fur
administration of microspheres. The proximal lcft anterior
descending coronary artery was dissected free and an elec-
tromagnetic flow probe (BL-5000 Series- Biotronix Labora-
tory) fitted snugly around it . In four dogs, a hydraulic cuff
ocduder was placed around the left anterior descending
coronary artery distal to the flow probe .
The flow probe
monitored changes in coronary flow in response to pharma-
cologic interventions or to inflation of the hydraulic cuff
occluder.
Study design
. The instrumented dogs were then posi-
tioned in the University of California, Los Angeles whole
body positron emission tomograph (model 911, CTI) (9) .
which permits simultaneous acquisition of three cross-
sectional images. The imaging planes were oriented perpen-
dicular to
the long axis of the left ventricle by rotating and
tilling the detector gantry
. After blank and transmission
images (using a gallium-68 ring source) were acquired,
nitrogen-13 ammonia (I5 to 20 mCi) was administered intra-
venously aver 15 s with a calibrated infusion pump (Harvard
Apparatus), while radiolabeled microspheres were injected
into the left atrium to measure regional myocardial blood
flow . Beginning svhh the injection of N-13 ammonia, tomo-
graphic images were acquired in the
following sequence :
during the first 90 s, 15 images only 6 s in duration each were
recorded, followed during the next 90 s by acquisition of five
18 s frames and during the remaining 6 minutes
by acquisi-
tion of six 60 s frames. The total image acquisition thus
amounted to a total of 26 frames over 9 minutes
.
Electrocardiogaphic lead II and systemic blood pressure
(P23Db, Gould Statham) were continuously
recorded on a
strip chart recorder (model 2400, Gould, Inc .). Arterial blood
gases were analyzed at 15 to 20 minute intervals (Corning pH
blood gas analyzer, model 168, Corning Medical)
to ascer-
tain that arterial partial pressures of oxygen
were at least
80 mm Hg. Twenty-nine interventions( studies,
or Iwo It,
five studies per animal, were performed
in the eight dogs
(Table I) .
Protocol. To cover a wide range of regional myocardial
blood flow (from 9 to 860 mI(min per 100 g), the following
interventions were performed in addition to a baseline study
at control flow. In seven dogs, myocardial blood flow was
increased globally by intravenous dipyridamole (0 .56 or
1 . :2 mglkg) infused over 4 rein and decreased in
seven dogs
with either propranolol (2 mg intravenously, one study) or
intramuscular morphine sulfate (0 .5 to 1 .5 mg+kg intramus-
cularly, six dogs) . Blood flow was regionally
decreased in
four studies by partial or complete stenosis of the left
anterior descending coronary artery . In addition to the
baseline study during coronary occlusion in
these dogs,
blood flow to normal myocardium was
increased in four
studies with intravenous clipytidamote infusion or decreased
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Table 1 . lnrerveucions to Alter Regional Myocardial Blood Flow in Eight Dogs
Dog
1 2 3 4 5 6
	
7 n
Baseline study
+ + + + +
+
LAD stenosis +
Dipyridamole + + +
(0.56
-r/kg i
.v .)
gpyddamole + + +
11 .12 mgtkg i.n .)
Morphine + +
(0 .5-1 .5 mgarg i .m.)
Propranalol +
2 mg i .v .)
Tonalsmdietrdog
3
3 4 4 3 5 3 4
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in two studies with morphine sulfate or prop ran olol, or both .
Nitrogen-13 ammonia and mierospheres were injected dur-
ing each intervention after heart rate, blood pressure and
coronary flow had stabilized. The interval between experi-
mental runs averaged 501060 min . During this time, residual
N-13 activity (9 .S min physical half-life) from preceding
experiments had physically decayed to <3% of its initial
activity
.
At the end of each experiment, the levels and orientation
of the three cross-sectional image planes were carefully
marked with a felt pen on the left ventricular surface by
using the low power laser neon beam ofthe tomograph . This
light beam identifies the middle of the three image planes .
The heart was then arrested during deep anesthesia with
concentrated potassium chloride solution, excised and sliced
along the felt pen marks into approximately 1-cm-thick
short-axis cross sections . Each of the three tissue slices
corresponding to the three image planes was then separated
into 20 to 25 segments (each approximately 0.5 g) and
weighed and the microsphere activity concentration was
determined in an auto gamma well counter (Turn-Key Mi-
crosphere Measurement System, MICRAD) .
The study protocol was approved by the Chancellor's
Animal Research Committee of the University of California
at Los Angeles and was performed in accordance with the
guidelines on laboratory animal welfare established by the
National Institutes of Health .
Measurement of blood now with microsphures . Regional
myocardial blood flow was measured by the microsphere
technique (t0)
.
Carbonized polystyrene mierospheres (IS '_
5 u in diameter, NEN-TRAC, DuPont) were suspended in
10% dextran with I drop ofTween 00 to prevent clumping,
mixed with a vortex shaker and suspended by ultrasonifiet-
tion before injection. About 2 x 106 spheres labeled with
scandium-46, cobalt-57, tin-i13, niobium-95 and ruthenium-
103 were injected into the left atrium while arterial blood was
withdrawn at a constant rate of 7 .8 attain for 2 min .
Regional mynetrdial blood flow (RMBP) was calculated as
RMBF (mllmin per g)=CT
X
FR'Cr
.
	
III
where F
p is the withdrawal rate of arterial blood (mhmin), C r
is the microsphere tissue concentration
in a given region
(countalmio per g) and Ca is the total microsphere activity in
the arterial blood sample (countslmin)
. C
T and C
o
were
obtained by well counting. Regional myocardial blood flow
was determined for each of the eight myocardial sectorial
regions of interest on the cross-sectional images as described
later .
Analysis of positron emission ttanograplrc images
. The
image data collected simultaneously at three levels through
the left
ventricle were reconstructed using a Harming filter
with a 50% Nygvist frnuuency cutoff . This resulted in a true
reconstructed spatial resolution of 13 .46 mm at full-width
half-maximum with a slice thickness of 12 mm at full-width
half-maximum, the intrinsic nominal resolution being
5.12 mm . The serial tomographic images were analyzed with
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Figure 1 . Semiautomatically assigned regions of interest to the left
ventricular myocardium and partitioning of the myocardium into
eight sectors on a transverse mid-left ventricular slice . The operator
defines on the images the location ofthe left ventricular myocardium
by two ellipses . The inner and outer borders of the left ventricular
myocardium are then determined by a threshold technique based on
a Gaussiaa activity distdhutinn. A region of interest is also assigned
to the left
ventricular
cavity (BP).
a customized software that automatically corrected for ef-
fects of partial volume and spillover of activity from arterial
blood into myocardium (1I). The operator defined the loca-
tion of the left ventricular myocardium by assigning two
ellipses on the last of the 26 serial cross-sectional images
(Fig . I) . A Gaussian fit algorithm with an adaptive threshold
determined the inner and outer edges of the left ventricular
myocardium, which was then divided into eight sectors . The
average wall thickness for each myocardial sector was
determined automatically and used for correction of partial
volume effect. Concentrations of N-13 activity in blood were
derived from a small region of interest located in the center
of the left ventricular blood pool
. The full set of sectorial
regions of interest was then copied to all 26 serial frames
.
Regional myocardial activity concentrations determined for
each frame were then corrected for spillover of activity from
the left ventricular blood pool into myocaruium and far
physical decay of N-13 activity . Time-activity curves were
then constructed for each myocardial sector and for arterial
blood . Activity concentrations were expressed in counts per
second per pixel . The sectorial regions of interest contained
110 to 221 pixels (mean 172 ± 27) .
The accuracy of this approach for measurement of tracer
cooceatre lions in myocardium nod in arterial bleed has been
validated in animal experiments using gated and ungated
images (3,12) and, recently, in human studies (13) involving
normal subjects and patients with coronary artery disease .
Loss of counts due to dead time at high count rates, for
example, at the time of the initial transit through the central
circulation, were corrected for as described previously
(1,14).
Calculation of net extraction of N-13 anunania
. Assuming
that myocardium effectively retained N •13 ammonia and loss
of tracer activity from tissue during the time of the measure-
ment period was negligible, the N-13 activity concentration
in myocardium (Q) at time t is described as
Q(t) = F X
E C(tldt, (21
0
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Table 2. Hemodynamic Variables in Central wad Lntervcnlivn Stases
where F is myocardial blood flow, E the extraction fraction
(or, more appropriately, retention fraction) of N-13 ammonia
in myocardium and C(t) the concentration of N-13 ammonia
in arterial blood at time t. Rearranging equation 2 to
F
K
E=Q(t)l
,J0
~1
C)tidt
	
171
yields the net extraction of N-13 ammonia in myocardium as
the product of blood flow and extraction fraction. It is
derived by dividing the myocardial N-l3 tissue concentra-
tion at time t by the integral of the arterial N-l3 ammonia
blood concentrations from the beginning of the tracer injec-
tion to that time. The extraction fraction can be calculated
by rearranging equation 3 to
E =Q(t)lFx
I1
C(t)dt 141
0
and dividing the net extraction by blood Row as determined
by microspheres .
Regional net exrractions of N-13 ammonia determined
from serial
tomographic
images were compared with re-
gional myocardial
blood flow determined independently by
microspheres . The comparison required proper alignment of
the postmortem tissue slices with the in situ recorded
cross-sectional images. This was accomplished by careful
demarcation of the image planes on the left ventricular
surface and slicing critic left ventricle in the d irection ofthe
image plane orientation . Anatomic 'landmarks such as the
anterior and papillary muscle served for alignment of the
postmortem tissue slices with the eight myocardial sectorial
regions of interest on the cross-sectional positron emission
tomographic images.
Statistical analysis ordain . Values shown are mean values
± SD. Comparisons between regional myocardial blood flow
and the noninvasively derived flow index were performed by
exponential [east-squares fitting techniques . A modified Bart-
lett's test was used to test if the standard error of the
NJENABF7t Et AL_
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'p c 0.001 versus Mood flow is control segrnems
Dipyridamole I and 11 indicate different doses of dipyridalaole 1, 0 .56 uutrg. It. 1 .12 mglkg) : a .*. was pawn as 0.5-1 .5 mykg insramus afady;
propranotol was given as 2 mg intravenously. CS = coronary mnosia ; RMBF = regional myomcLal blood sow.
estimate from one fit was comparable to that from another
fit
.
Results
Hemadynamic Bailimp and reglood
Myocardial
blend loa
measurements IT" 2).
In
the eight studies performed
during control conditions, heart rate averaged 112 ±
19 bealstmin and mean arterial blood pressure 114 ±
13 mm Hg. Myocardial blood llow by mierospheres averaged
90
.6 = 26.6 mllmin per 100 g. Dipyridamole infusion in-
creased myocardial blood flow by 140% to 280% above
control level, whereas morphine sulfate or propranolol, or
both, lowered blood flow by an average of 24% . Partial ee
complete coronary artery occlusion in the four studies
reduced segmental blood lbw by an average of 54%. Dipy-
ridamole infusion during partial coronary occlusion mark-
edly increased blood flow
in normal myocardium to levels
that were 3 .9 to 15A times higher than in
the risk segment ;
morphine sulfate or prapranolol lowered blood flow to
normal myocardium by 23 .1%, These interventions resulted
in a wide range of gkdsal myocardial blood flows as well as
large regional differences in blood flow.
Dynamic
pit-
a etu
bsi-
tomegraphic imaging. Rapid
dynamic data acquisition at high temporal sampling rates of
only 6 slframe resulted in images of good diagnostic quality
.
Figure 2 shows a sequence of dynamically acquired positron
emission tomographic studies after tracer injection . The
initial 6 s images show the transit of tracer activity through
the right ventricle, both lungs and left ventricle with subse-
quent clearance of activity from blood and rapid accumula-
tion in myocardium. The late images depict the heteroge-
neous retention of N-13 activity throughout the left
ventricular myocardium due
to
subtotal occlusion of the left
anterior descending coronary artery. Tracer uptake is seg
mentally reduced in the anterior wall . This defect is seen
best en the late images recorded at 6 to 9 min after N-13
ammonia injection. Time-activity curves derived from these
Studies
RMBF
imVn,in per I m p
N-
H_
Rate
16ots'niN
Mean Medal
PM_
(nw HelControl ISsk Lone
Baseline (n = 8)
90.6 ± 26.6 112 a 19 114' 18
Baseline+CS(0=4) 100.5237.9 W7o19 .r 00±27
109`-2a
Dipyridamote 1(n = 41
2200 ± 74.3 136**-24 85±9
Dipyridamole + CS In - 3) 232.A ± 102 .3 59.0t19A' 139031 84±10
Dipyddamole
11
(n = 21 346.0 20Lt 146 *_ 30 78 a 11
Dipyridamole It 4 CS (n = 11 607 .4 79.4 • 142
73
Morphinelpropnnolol (n = 41 69.5 x 80 66 ± 10
84 t 11
Morphinelpropmaolol + CS (a = 3) 69.7 t 7.5 36.0 1 22.2 68 *- it 82 ± 14
serial images are shown in Figure 3
. Activity concentrations
in the left ventricular blood pool reach a maximum at 30 s
and subsequently decline . Myocardial N-13 activity concen-
trations rapidly increase to a plateau, which is reached at
about 60 to 100 s. The activity concentration is lower in an
ischemic segment in dre territory of the left anleriordescead-
ins coronary artery in this example.
Figure 3. Time-activity curses for arterial blood and left ventricular
myocardium derived from serial positron emission tOmographie
images shown in Figure 2
. Maximal activity is in the left ventricular
blood pool soon after tracer administraton, which subsequently
declines as myocardial activity increases . Regional myocardial N-13
activity concentrations were determined in two sectorial regions of
interest, one assigned to the
normal
(lateral wall) And one to the
hypoperfused anterior wall, The activity concentration is lower in
The ischemic anterior wall . Time-activity curves are corrected for
activity spinnver.
21
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Figure 2. Serial images recorded at a mid-left ventricular
level beginning with intravenous injection of N-13 ammonia
in a study afterpanial occlusion of the left anterior descend-
ing coronary artery. Acquisition is started during infusion
of dipyridamole in order to increase blood flow to myocar-
dium supplied by the left circumflex coronary artery . Note
on the initial 6 s images the transit of tracer through the right
and left ventricles (RV and LV) and the subsequent defect
in tracer uptake in the anterior wall (arrow). The numbers
under each image indicate the time (in seconds) after tracer
injection,
Count statistics of images . The analysis was based on
nongated images rather than on gated acquisition to assure
adequate image count statistics throughout the acquisition
sequence . Count rates (given as true coincidence events) per
image frame were maximal at the time of tracer transit
through the central circulation. They ranged from 512
x
103
to 622 x 101
counts per 6 a frame (or 85 x 103 to 104 x
103 countslt) at the time of peak activity in the left ventric-
ular blood pool, which usually occurred at about 30
A
after
tracer administration . Count rates subsequently fell to 240 x
103 to 304
tt
103 counts per 6 s
frame (or 40 x 103 to 57 x
103 countsls) for the last of the 6 s frames at 90 s
. At the end
of the I8 s frame acquisition period at 180 s, count rates
ranged from 570 x 10 3 to 620 x 10' counts per 18 s frame (or
32 x 103 to 34 x 103 counts/s) and were similar for frames
recorded ache end of the acquisition period (at 480 to 540 s) .
To determine whether the different acquisition times and
count statistics q ffected regional myocardial tracer concen-
trations as derivedfrom the images, the regional variability
in myocardial N-13 activity concentrations were compared
for 60 s and 6 s frames in I I studies with injections either at
control or after interventions that homogeneously altered
myocardial blood flow
. The regional variability was ex-
pressed as the coefficient of variation of regional activity
concentrations in eight myocardial sectorial regions . On the
last of the 60 s images recorded from 480 to 540 s after tracer
initiation, the coefficient of variation averaged 8 .2 ± 3 .1% .
similar to the value of 9.2 ± 3.2% for the 6 s images acquired
at 60 s after tracer injection. Both values were similar to the
value of 10 .5 ± 4
.2% for regional myocardial microsphere
concentrations in the same studies .
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Myocardial net extractions of N-l3 ammonia . Myocardial
net extraction for N-13 ammonia were calculated from the
time-activity curves derived from serial positron emission
tomographic images
. Because of changes in blood and myo-
cordial N-13 activity concentrations over the entire image
acquisition period, the optimal time point for calculating these
values was established in a subset of I1 experiments in three
dogs . The time-dependent changes of N-13 activity concentra-
tions are apparent on the time-activity curves. Within the first
30 to 50 s after tracer administration, N-13 activity concentra-
tions rapidly increased in myocardium to a plateau. Increases
during the remainder of the study period were minor
. Activity
concentrations rapidly declined in arterial blood during the
initial period, after which they remained relatively constant
without approaching 0. The observed time course suggested
that the apparently persistent N-13 activity concentrations in
blood represented a continuous input of tracer into myocar-
dium throughout the study period . The average myocardial
N-13 ammonia activity concentrations at 60, 210 and 510 s after
tracer injection were divided by the integral of the arterial input
function to these times . Mean myocardial blood flows by
microspheres in this subset of experiments ranged from 63 to
205 mt/min per 100 g.
Tracer net extractions are compared with myocardial
blood flow in Figure 4. Although net extractions of N-13
ammonia increase exponentially with blood flow
(6), the
relation between estimated net extractions in blood flow in
the subset of experiments were fitted by a straight line
because of a relatively small range of flows . Net extractions
calculated in this manner from 510 s data were only about
26 Bulletin per 100 g (Fig . 4C) and failed to increase with
higher flows. By contrast, net extractions calculated from
data earlier on the time-activity curves did increase with
blood flow . For the 210 s data, net extractions averaged
54 .6 ml/min per 100 g at the lower end of the flow range and
increased to 80
.6 ml/min per 100 g at the upper end of the
flow range (Fig . 4B)
. Thu response of net extractions to
blood flow was even more pronounced for values calculated
from the 60 s data, where average net extractions of
65 .7 ml/min per I00 g
at the lower end of the flow range
increased to 129
.6 ml/min per 100 g for flows of 205 ml/min
per 100 g (Fig. 4A) .
20n
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Figure 4. Comparison of average myocardial net extraction (E •F)
of N-13 ammonia determined at three time points after tracer
injection: A. at 60 s : B. at 210 s: C. at 510 s in a subset of II
experiments . The net extractions are compered with myocardial
blood flow IMBFI determined simultaneously by microspheres . The
studies were performed at control or after interventions that altered
MBF hwnegeeeousty . In these II experiments, the mean myocar.
dial N-13 activity concentrations at the three times were divided by
the integrals of the arterial input functions to these times. For the
limited range of flow in these experiments, the data were 5tted by
linear regression equations . There is a progressive decline in oaku.
lated net extractioas later after tracer injection .
Estimates of the
net
extraction of N-13 ammonia as a
function or lime. Values for net extractions estimated from
the 60 s data and their changes in response to blood flow
were similar to estimates predicted from previously obtained
first pass extraction fractions determined directly by inlra-
coronary tracer injection (6) . Agreement with these data
favored the use of net extraction calculated from the 60 s
time points
. Although the moderately higher myocardial
N-13 activity concentrations found later after tracer injection
suggest that estimates of the net extraction may be higher
when determined late after tracer administration, the values
obtained for net extractions weft in fact lower and their
responses to blood flow successively decreased when calcu-
lated 210 and 510 s after tracer administration . This finding
suggests that integration of the arterial blood N-13 activity
concentrations to 210 or 510 s overestimated the true arterial
input function and thereby artifactually lowered the esti-
mates of myocardial net extraction of N-13 ammonia. The
time course of N-l3 activity in arterial blood further sug-
gested that the arterial input function of tracer was largely
completed within the first 60 s . In subsequent analysis of all
experimental studies we therefore used the integral of the
arterial input function to only 60 s after tracer injection
; the
regional myocardial N-13 activity concentrations at 60, 210
and 510 s were consistently divided by the arterial input
function integrated to only 60 S .
Regional myocardial net extraction calculated from
these tissue time points
are compared with regional royocar-
dial blood flow in Figure 5
. The data were fitted with an
266
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Figure 5 . Comparison of regional myocardial net extractions of
N-13 ammonia (E-F)
to regional myocardial blood flow (RMBF)
determined from myocardial N-13 activity tissue concentrations at
60 s (A), 210 s (B) and 510
s (C) and the integral of the arterial N-13
activity blood concentrations to only 60 s . Note the increase in the
scatter of data about the regression lines as expressed also by the
standard error of the estimate
(Srr) for values obtained at 210and
510 s compared with those at
E0 s.
equation that describes the relation between blood flow and
fast-pass extraction fractions of a diffusible tracer across the
capillary wall Regional not extractions derived from
the three time points on
the myocardial time-activity curve
correlated well with regional myocardial blood flows w :
.h
correlation
coefficients
of 0 .81 to 0.94 . The general relation
between net extraction and microsphere blood flow was
comparable for all three time points
. However, there is
significantly more scaaer about the regression line for data
calculated at 510 s than of 210 and 60 s (Fig
. 5) . The standard
error of the estimate was 47.3 mllmin per 100 g for the 510 s
data, 32
.3 mllmin per 100 g for the 210 s data, and
22.9 mllmin per 100 g for the 60 s data . With use of a modified
Bartlett's test, the differences in standard error between
these data sets was found to be significant at the a = 0
.05
level of significance .
0
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Comparison of results with invasively measured first pass
extraction Fractions, Regional myocardial net extractions of
N-13 ammonia derived from the 60 s data systematically
underestimated regional myocardial blood flow
. The regres-
sion equation predicts a net extraction of 8D mUmin per 100g .
for flows of 100 mllmin oer 100 g and, thus, an underestima-
tion of 20670
. Because of the nonlinearity of the response, this
underestimation increases with higher flows . For example,
net extraction underestimate blood flow by 36% and by 48%
for blood flows of 200 and400 mUmin per 1008, respectively .
The nonlinear relation between blood flow and netextraction
derived noninvasively from the 60 s data in this study was
similar to that observed by direct measurements of regional
extraction fractions (6) . To examine whether these noninva-
sively derived values do in fact correlate quantitatively with
the earlier invasively and directly measured values, first pass
extraction fractions in this study were calculated by
dividing
regional net extractions by regional blood flow as described
by equation 4. The derived extraction fractions are plotted in
Figure 6 (right) versus myocardial blood flow . The inverse
relation between the individually calculated regional extrac-
tion fraction E and regional blood flow can be described by
the equation, E = I - 0 .64c"', which expresses the
dependency of first pass extraction fractions of diffusible
substances in relation to blood flow (15,16)
. Moreover, the
data are comparable to extraction fractions measured previ-
ously after intracoronary N-13 ammonia injection, which
correlated with myocardial blood flow by E = I -
0.61e
12®F
(Fig. 6)
(6) . This agreement provides indepen-
dent validation of the net extractions as determined by this
noninvasive approach .
Discussion
The results of this study indicate that the arterial input
function of an intravenously administered positron emitting
tracer of blood flow and the myocardial tissue response can
be accurately and noninvasively determined by high tempo-
ral or dynamic positron emission tornographic imaging
.
From the relation between tracer tissue uptake and the
arterial input function, the myocardial net extraction of
tracer can be derived as an index of regional myocardial
blood flow . Shah ct al. (17) used low temporal and spatial
resolution tissue imaging and relied an arterial blood cam •
pling over a period of 6 min, an invasive procedure that is
prone to contamination by otutabolites of N•I3 ammonia
(1S) . Weinberg et vi . (I) showed that invasively derived
arterial input function correlated closely with the tonso-
graphically derived input function. In contrast to previous
studies, this investigation shows that noninvasive flow to-
mography is useful for in vivo determination of a regional
flow index that correlates closely but nonlinearly with re-
gional myocardial blood flow as determined simultaneously
by microspheres .
Technical considerations, In this study, N-13 ammonia
served as a tracer of myocardial blood Row, As shown
(ACC Vol. 17. No. I
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Figure 6. Myocardial net extraction
(E , F, left) and extraction fractions (E,
rigfn) determined from the serial en-
ages at 60 s compared with regional
myocardial blond now by micro-
spheres (RMBF). Extraction fractions
declined with Increasing blood flaws .
This relationship is described by F =
II -0.6le 11 "), which is indicated by
the solid line
. The broken toe describes
the relationship between first pass ex-
traction fractions and myocardial
blood flow (E
-
[I -
0.64e ""D
as
determined previously by N-13 ammo-
nia bolus injections directly into the
coronary circulation (6).
previously (5,6), myocardium avidly extracts and retains
N-13 ammonia in proportion to blood flow. Retention of
tracer occurs through metabolic trapping, predominantly by
way of the glutamine synthetase reaction with transfer of the
N-13 label to glutamine (5,6,19,20) . Changes in global and
regional myocardial metabolism as seen during physiologic
and ischemic conditions affect the metabolic trapping of this
tracer in myocardium only mildly . They therefore do not
invalidate the relation between the myocardial net extraction
of N- l3 ammonia and blood flow . Bergmann et al. (201
observed in isolated perfused rabbit hearts a considerable
decrease of N-13 extraction after perfusion with an erythra-
cyte-free medium, and concluded that the composition of the
perfusion medium was associated with the metabolic state
and, thus, with metabolic trapping of N-13 ammonia. How-
ever, the lower extraction fractions of N-13 ammonia could
have been due to the several-fold higher perfusion rates
rather than abated metabolism . Moreover, the extraction of
N-13 varied considerably among different measurements in
rabbit hearts, even in a limited range between ischemic and
normal flow conditions . Hypdperfusion in their study (20)
did not reduce the extraction of N-13 ammonia ; thus the net
extraction of N-13 or the product of E x F would predict a
linear response of tissue N-13 ammonia concentration to
low, which is consistent with our results and previous
findings in this low to normal flow range (6,7)
.
A previous
study from our laboratory (6) showed the relative stability of
N-13 trapping within a wide range of metabolic and func-
tional changes . Only severely reduced plasma p11 levels
affected the metabolic fixation; however, those levels did not
occur in the present experimental study nor are they likely to
occur in human subjects .
Noninvasive quantification of blood Bow
with N-13 ammo-
nia . The possibility of deriving an index of regional myocar-
dial blood flow by imaging regional myocardial uptake of
N-I3 ommonia
has been postulated . Shah et Id . (17) used a
first generation tow temporal and spatial resolution positron
emission monograph that precluded high temporal sampling
and noninvasive tomographic assessment of ti ;e arterial
input function and the myocardial tissue response . The
myocardial N-13 ammonia concentrations were determined
NIENABER ET AL.
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from 60 s tontogtaphic images recorded at 120 s after tracer
injection, while the arterial input function could be obtained
only invasively by withdrawal and in vitro counting of
arterial blood over 6 min, Higher efficiency and, conse-
quently, higher temporal resolution capabilities of the
positron emission tomograph used in our study permitted
image acquisition at sampling rates of only 6 s during the
initial 90 s period after tracer injection (before significant
metabolic trapping takes place). Therefore, in contrast to
earlier animal studies (19), the net extraction of N-13 ammo-
nia as the product of extraction fraction and blood flow was
derived in this investigation noninvasively within a time
frame that precluded significant metabolic interference.
Thus, in contrast to earlier studies, a noninvasive method
is described to derive net extraction as a quantitative
index
of myocardial blood flow that is determined from myocardial
N-13 tissue activity concentrations at time t and the integral
of the arterial input function to that time . Changing N-t3
activity concentrations in myocardium and persistent N-13
activity in arterial blood are required to establish that lime
point cn the time-activity curves that yields the
most reliable
and accurate values of net extraction . Despite longer
acqui-
sition times (1B or 60 s) and, hence, better count
statistics,
estimates derived from images at 210 and 510 s were consis-
tently too low and increased only modestly or not at Oil with
higher flow values,
Two factors most likely accoantedfor these underestima-
tion, 1) Spillover of activity from myocardium into the left
ventricular blood pool aetifactually increased count rates
derived from the region of interest
assigned to the left
ventricular blood pant. Contamination of the tomographi-
cally derived arterial blood activity concentrations during
the latter part of the study, when myocardial
activity con-
centration were high. may also explain
why blood N-13
activity levels remained relatively high and failed to decrease
further as previously shown by direct measurements by
in
vitro counting (5) .2) Rapid transfer of the N-13 label through
transamination to ammo acids, mostly in the liver, and
release of N-13 labeled amino acids into blood probably
contaminated the true N-l3 ammonia
input function. Recent
reports (LB) indicate that as much as 4
.5 ± 1
.3%
of the total
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N-I3 activity in blood at 2 min may account for labeled
amino acids in human volunteers . This fraction increases to
38% after 5 min . These fractions were foundd to be markedly
higher in dogs, but negligible at only 60 s after tracer
injection (Schelbert, unpublished data) . On the other hand,
first pass extraction fractions of N-13 amino acids were
found to be only 10% to 1536 in canine myocardium (21) so
that recirculating N-13 activity mostly in the form of amino
acids would contribute relatively little to further increases in
myocardial N-13 tissue activity concentrations in canine
myocardium during the late part of the image acquisition
period. Conversely, long clearance half-tithes of N-13 activ-
ity from myocardium (60 to 380 min) indicate that only
negligible amounts of N-13 activity arc lost from myocar .
diem during the initial 9 min of acquisition (about 2 .2% to
7.2%) (6)
.
Relatively constant or only modestly increasing
myocardial N-13 activity concentrations after an initial rapid
uptake phase as observed in this study are consistent with
earlier findings after intracoronary tracer injections . There-
fore, in view of relatively constant myocardial N-13 activity
concentrations, physical activity spillover and N-13 label
bound to amino acids were most likely responsible for the
marked overestimation of the true arterial input function for
N-13 ammonia and the resultant underestimation of net
extractions .
Technical limitations. To
avoid or minimize such contam-
ination, the arterial input function was integrated to only 60 s
after tracer administration. At that time, tomographically
derived N-13 activity concentrations in arterial blood had
declined and were lowest before increasing again, possibly
as a result of physical spillover from myocardium . Earlier
studies (I) validated the accuracy of arterial input functions
measured from serial romographie images . Arterial blood
concentrations derived from the tomographic images during
the initial 60 s were in agreement with those determined
simuhaeously by beta-probe measurements, whereas lomo-
graphically derived arterial activity concentrations after the
initial 60 s tended to overestimate the true tracer blood
concentration
. When net extraction were calculated [rum
myocardial N-13 concentrations at 210 and 510 s as well as
from 60 s using the integral of the arterial input function to
only 60 s, they correlated well with simultaneously measured
microsphere blood flows, While the nonlinear data fits were
similar for all three measurements at different times, the
scatter of the data about the regression line progressively
increased with time and was significantly higher for data
obtained at 510 s than at 60 s . Differences in count statistics
caused by physical decay of N-13 or by differences in
temporal sampling probably do not account for this increase
in data scatter. The number of coincidence events per
second was similar for the 210 and 510 s images
. Further-
more, regional variations in myocardial N-13 activity con .
contentions at 60 s were only 9
.2 ± 3%, comparable to the
10 .5 ± 4
.2% variability in regional microsphere activity
concentrations. Moreover, this regional variability in myo-
cardial N-13 activity remained virtually unchanged over time
IACC Vol. 17. No . 1
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and averaged 8 .2 ± 3 .1% at 510 s. The more variable
estimates of the net extraction
al 510 a are therefore mast
likely the result of continued myocardial uptake or clearance
of N-13 activity. Thus, measurements of net extmctinns at
60 s appeared to be least sensitive to both spillover of
activity from myocardium into the blood pool and to recir-
culating N-13 activity in the form of amino acids or, to n
lesser extent, of ammonia.
Validation of measurements
. The relation of the noninva-
sively derived net extractions to microsphere myocardial
blood flow fitted well with the model originally proposed by
Renkin and Crone (15,16)
. This model describes the relation
between the extraction fraction (E) of a diffusible tracer
across the capillary wall and blood flow (F) by E = 1
-e Ps' r ,
where E is the first pass extraction fraction and PS
the permeability surface product . The Renkin-Crone equa-
tion was multiplied by flow to accommodate the relation
between tracer net extraction and blood flow . Least-
squares fitting of the 60 s data resulted in extraction fraction
(ExF) = F (I -
0.64e-I
41t) .
Earlier animal studies (I) had confirmed the validity of
noninvasive measurements of the arterial input function
directly from serial tomographic images . By contrast, no
such validation is available for measurements of the myo-
cardial N-13 activity concentration . However, equation 4
offered the possibility of deriving first pass extraction frac-
tions that can be compared with first pass extraction frac-
tions determined previously by tracer bolus injections di-
rectly into the coronary circulation . Regional first pass
extraction fractions obtained from net extractions of N-13
ammonia declined in proportion to increasing blood flow
(Fig. 6). Malatignment between postmortem and tomes
graphic myocardial cross sections most likely accounted
largely for the scatter of data about the regression line and
for values >1 in the lower range of blood flows . However,
the fit of the data with the Renkin-Crone model describing
the relation between first pass extraction fractions and blood
flow is comparable to that found by invasive measurements
(6). For example, for flows of 100 and 500 mtlmin per 100 g,
the noninvasively derived relation predicts extraction frae-
Lions of0
.80 and 0 .49, compared with 0.83 and 0.53 predicted
for the same flows by the earlier established relation, based
on direct measurements of extraction fractions by intracor-
onary tracer injections (Fig . 6) . The closeness of invasively
and noninvasively derived values strongly supports the
validity of the noninvasively determined arterial input func-
tion and myocardial N- 13 activity concentrations .
implications . The results of this study confirm that arte-
rial input function of a tracer and the myocardial tissue
response to it can be measured noninvasively using positron
emission tomographic images acquired at high temporal
sampling rates, As noninvasive determination of both vari-
ables is important for in vivo application of tracer kinetic
principles, the results are relevant for in vivo measurements
of various aspects of regional myocardial tissue function as
for example of myocardial blood flow and rates of metabo-
JACC Vol . 17, No. 1
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lism. With regard to N-13 ammonia, the results indicate that
a quantitative index of regional myocardial blood flow can be
derived noninvasively. Because the index depends on the
extraction fraction- which declines with higher flows- it
systematically underestimates true myocardial blood flow
.
The degree
of this underestimation increases with higher
flows
. On the basis of the observed regression equation
• a
net extraction of 80 mlimin per 100 g predicts a blood flow of
100 mlimin per 100 g, whereas a net extraction of 149 mlimin
per 100 g predicts a blood flow of 250 mlimin per 100 g . The
regression equation permits direct conversion of observed
net extracliuns of N-13 ammonia m blood flow. which
compensates for the flow-dependent decrease in net extrac-
tion.
Determination of net extractions will be readily available
for atraumatic application in Ituntaos . although longer bolus
transit times through the central circulation may require
integration of the arterial input function to a later time after
the tracer injection . Preliminary findings in human volun-
teers nevertheless support this possibility- Although deter-
mination of transmittal gradients of regional myocardial
blood flow is desirable . it is unlikely to be achieved with this
approach because of [be relatively low ellective spatial
resolUtion of
the imaging device . The index of blood How as
described in this study reflects. thereforel average tmnsmn-
rat blood flaws.
Several tracer kinetic models have been proposed for
noninvasive measurements of regional myocardial blond
flow with positron emiltingtracers of flow and serial positron
emission tomographic imaging. One such model has been
established for use with rubidium-8202 .23). Because of high
temporal sampling requirements . this model sit far has bean
validated only in open chest dogs with beta-probe rcaordings
of
tissue activity . With the ability to measure dynamic
changes in tracer concentrations in vivo in both arterial
blood
and t
issue . it should become possible to implement
such tracer kinetic models to obtain accurate and direct
measurements of regional myocardial blood flow under
various clinical circumstances .
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